Background: Broad-spectrum antibiotics [Abx], including combination therapy with ciprofloxacin and metronidazole, are often prescribed during the treatment of inflammatory bowel disease [IBD] to alleviate symptoms, but with varying success. In this pilot study, we studied the effects of Abx on the course of experimental colitis, with a particular focus on sex as a determinant of the microbial and inflammatory responses.
Introduction
Inflammatory bowel disease [IBD] is a progressive, relapsing, and remitting autoimmune disease of the intestine, consisting of two primary diseases: Crohn's disease [CD] and ulcerative colitis [UC] .
Interacting environmental, genomic, microbial, and immunological factors contribute to the onset and progression of disease. 1 Of the over 200 susceptibility loci that have been identified for multiple genes by large-scale genome-wide association studies [GWAS] and transethnic association studies, many are related to the components of the immune system involved in host-commensal sensing, and likely interact with epigenetic and environmental factors. [2] [3] [4] [5] [6] Additionally, damage-induced failure of the intestinal mucus layer may restructure the microbiota and allow for an inappropriate bacterial encroachment on the host epithelium and, in extreme cases, translocation. 7 Adherent invasive Escherichia coli and other pathobionts have also been implicated in the onset of IBD. [8] [9] [10] Underlying each of these pathologies, however, is the consensus that IBD arises from a mis-communication between the host immune system and the enteric microbiota. 5, 11 Broad-spectrum antibiotics [Abx] are often administered to ameliorate symptoms of IBD and calm the inflammatory response to gut microbiota by reducing bacterial burden. 12, 13 Long multimonth courses of Abx are not infrequent in the effort to achieve remission. The most common clinical Abx for IBD are metronidazole and ciprofloxacin, although rifaximin and anti-tuberculoid agents are also used. 13 Ciprofloxacin is a broad-spectrum fluoroquinolone that works against both Gram-positive and Gram-negative bacteria by inhibiting DNA-gyrase and halting bacterial division, and metronidazole is a nitroimidazole that prevents nucleic acid synthesis and works predominantly on anaerobic bacteria and protozoa.
Increasingly, however, Abx use has been linked to chronic conditions such as asthma 14, 15 and obesity, [16] [17] [18] especially as a consequence of early childhood exposure. The literature also increasingly reports an association of Abx exposure and subsequent IBD, especially Crohn's disease. [19] [20] [21] [22] [23] [24] Although some of these associations are related to paediatric-onset IBD, 22 the case is equally strong for adult-onset IBD. 19, 23, 24 Interestingly, one study suggested that the strongest association for antimicrobial treatment with subsequent IBD diagnosis was for the Abx that are used to treat the disease itself: metronidazole and fluoroquinalones, of which ciprofloxacin is a family member. 24 Poor health outcomes following Abx exposure, especially early in life, appear to also diverge by sex. In cases of paediatric exposure to Abx, boys were more likely to develop both obesity and Crohn's disease than girls. 16, 22, 25 It is well-reported that pre-pubertal boys are at a higher risk for IBD than girls [26] [27] [28] ; however, this difference diminishes following puberty, and may even tilt slightly in the opposite direction. 28, 29 Early studies indicate that in some regions, adult women are at higher risk for developing IBD, [30] [31] [32] although this has not been consistently reported. Some studies indicate that women with IBD are also more likely than men to suffer worse outcomes of disease such as a hospitalisation 33 and disease recurrence following surgery. 34 Unpublished observations in our laboratory have suggested a sexual dimorphism in the response to long-term broad-spectrum Abx treatment in animal models of colitis. This brief investigation has sought to repeat those findings in a controlled setting where we could monitor for cage effects, microbiota, and inflammatory factors. We have induced experimental colitis in both male and female Rag2 -/-lymphopenic mice, using an adoptive transfer of naïve CD4 + CD45RB
hi T cells. Mice were maintained on broad-spectrum Abx in drinking water for both short-and long-term courses. Our data suggest that females differentially respond to this inflammatory model at baseline, and also that the gut microbiota is differently affected by Abx in females, resulting in a poorer response to treatment in the course of disease.
Methods

Mice
All animals used in the experiments were handled in accordance with University of Arizona University Animal Care [UAC] guidelines and with an approved IACUC protocol [Kiela, .
Male and female Rag2
-/-mice on a 129/SvEv background were purchased at 4-5 weeks of age from Taconic [strain since discontinued] and allowed to acclimatise to the house barrier facility for 2 weeks. Between 6-8 weeks of age, mice were either placed on 500 mg/L metronidazole and 200 mg/L ciprofloxacin [Abx; both from Alfa Aesar, Haverhill, MA] in drinking water, or given autoclaved water, with ad libitum access to food [diet] . Concurrent with Abx treatment, animals were injected intraperitoneally with 0.5 x 10 5 naïve CD4 + CD45RB hi T cells. Naïve T cells were first magnetically enriched from wild-type 129/SvEv splenocytes, using negative selection LS columns [Miltenyi; Bergisch Gladbach, Germany], and subsequently flow-sorted [CD4 PE, CD45RB FITC; FACSAria II, Beckton-Dickinson, Franklin Lakes, NJ]. Donor T cells were sexmatched to recipients. Animals were weighed weekly to monitor health status, along with a weekly faecal collection. No animals were allowed to drop below a critical weight loss of 20% of their starting weight. Abx-treated and autoclaved water supplies were replaced each week with a newly prepared batch. Animals were maintained for either 2 or 9 weeks following intraperitoneal injection, after which time they were sacrificed and tissues harvested. For each experiment, groups had n = 6 male or female mice housed in cages of three, such that there were two cages for each experimental group to control for cage effects [group n = 6, cage n = 2].
Pathological scoring
At sacrifice, caecum was clamped at the ileo-caecal junction, resected and weighed [tissue and content combined]. Colon was resected, flushed with phosphate-buffered saline [PBS] to remove colonic contents, and gently opened lengthwise on nitrocellulose membrane [Millipore] . Lengthwise sections of proximal and distal colonic segments were fixed overnight at 4°C in freshly prepared Carnoy's fixative [6:3:1 methanol:chloroform:glacial acetic acid], followed by transfer to 100% ethanol, and were submitted to the University Animal Care [UAC] pathology core laboratory for paraffin embedding. Cuts 5-μm thick were stained with haematoxylin and eosin [H&E] . Pathological interpretation and inflammation scoring were performed by an experienced veterinary pathologist [D. Besselsen; UAC] blinded to the experimental design and sample group assignment. Briefly, sections were scored in point-based fashion on four different parameters: mucosal hyperplasia [0-3, in reference to mucosal thickness]; extent of inflammation or proliferation [0-3, based on the percentage of segment affected]; inflammation [0-4, in reference to whether inflammation was limited to the mucosa or had extended deeper into the submucosa, and whether there were erosions, loss of structure, ulcerations, or abscesses]; and extent of dysplasia [0-3, in reference to the percentage of the segment with dysplasia]. Since our model has not been precancerous, the highest score for an individual segment is 10. Proximal and distal colonic segments were scored separately, and summed together for a total score.
Polymerase chain reaction
Proximal and distal colonic segments were resected from animals at sacrifice [see 'Pathological scoring'], flash-frozen in liquid nitrogen, and kept at -80°C until use. RNA was extracted from frozen segments using a TriPure Isolation Reagent-based protocol [ Quality filtering cut-offs were assigned to exclude any samples with a marked separation [decrease] in sequence counts from the majority population. Qiime calculated the relative abundance and alpha and beta diversity for each cohort, and generated principal coordinate analyses [PCoA] . We chose to focus our study on family-level taxonomic differences among bacteria, to provide a sufficiently broad and digestible dataset for analysis. The pairwise dissimilarities between experimental groups using Bray-Curtis dissimilarity metric were calculated and visualised via non-metric multidimentional scaling [NMDS] , and permutational multivariate analysis of variance using distance matrices [ADONIS] was used.
To get more insight into metagenomic function of the microbiome, the PICRUSt [Phylogenetic Investigation of Communities by Reconstruction of Unobserved States, v1. 
Results
Males and females respond differentially to the onset of colonic inflammation and the administration of antibiotics.
We aimed to design a study in which we could address the effect of both Abx exposure and sex in an inflammatory model reminiscent of human IBD. Using the adoptive T cell transfer model of colitis, we administered metronidazole and ciprofloxacin continuously in drinking water to male and female Rag2 -/-lymphopenic mice, concurrently with injection with naïve CD4 + CD45RB
hi T cells to induce progressive inflammation. To capture early and late events, two studies were conducted for 2 or 9 weeks following T cell transfer. Males and females were housed in separate cages, three per cage, six per group.
We discovered both temporal and qualitative differences between males and females exposed to Abx and those that were maintained only on autoclaved water. Two weeks following adoptive transfer, which is early in the pathogenesis of the model, untreated females had a significantly higher baseline level of colonic inflammation than males [ Figure 1A ]. At this early time point, Abx treatment was effective in both sexes, and the histological inflammation scores in Abx-treated males and females were not statistically different. By the 9 weeks following adoptive T cell transfer, differences between males and females at baseline were minimised, but whereas Abx treatment in males resulted in significant, and near complete, suppression of inflammation, the effects of Abx in females were less pronounced, with more individual variation, and ultimately not statistically significant [ Figure 1A ]. These temporal dynamics demonstrate that females have a more rapid onset of inflammation than males, and that this is ameliorated by broad-spectrum Abx in both sexes early on. In the long term, untreated males catch up with untreated females in inflammatory score,but females that have been maintained on Abx begin to lose the protective effects of Abx administration [ Figure 1A ].
It has been long observed that a germ-free state in rodents induces an enlargement of the caecum, 38 and that caecal size shrinks in concordance with greater microbial exposure. 39 We weighed the caecum of males and females either treated with Abx or administered autoclaved water. Two weeks following adoptive transfer, both Abx-treated males and Abx-treated females had significantly larger caeca [expressed as a percentage of body weight] than animals that had been adoptively transferred but not given Abx [ Figure 1B ]. This was expected, and demonstrated that the Abx were reducing caecal bacterial load. However, strikingly, at both 2 and 9 weeks, males had significantly heavier caeca than females, suggesting unexpectedly that the same Abx may be less efficacious in female mice [ Figure 1B and C]. This observation was consistent both with the observation that at 9 weeks, females that had been administered Abx no longer had a significantly larger caecum than non-Abx-treated females [ Figure 1C] , and with the observation that at the same time point, females on Abx began to show signs of greater inflammation in the colon [ Figure 1A ]. Altogether, these data suggested that females mount a more rapid mucosal immune response in this model, and also that male and female microbiota may respond differently to Abx administration.
We also observed disparate trends in cytokine and chemokine mRNA expression by real-time [RT]-qPCR. Nine-week Abx exposure in mice with adoptive T cell transfer was less efficatious in females, with evident [though not statistically significant] trends in elevated IL-22 expression in the proximal colon compared with their male counterparts [ Figure 2A ], and IL-17A in both colonic segments [ Figure 2B ]. Both of these cytokines together coordinate mucosal homeostasis between epithelial cells, the immune compartment, and the luminal microbiota. In Abx-treated mice, NOS2 expression trended higher in the distal colon of Abx-treated females, suggesting a potentially higher inflammatory tone in the distal colon of females during long-term Abx exposure [ Figure 2C ]. This remains consistent with the higher pathological score observed in these animals at this time [ Figure 1B] . Interestingly, expression of the epithelial Na + /H + exchanger NHE3, whose inhibition was implicated in driving dysbiosis and enhanced inflammatory response in experimental colitis, 40, 41 was significantly elevated in the distal colon of female mice following long-term Abx exposure when compared with non-Abx treated females, whereas males treated with Abx showed no differences compared with non-treated males [ Figure 3 ]. This suggests that Abx may also be altering basic epithelial transport processes in the gut in a sex-specific manner.
The microbiota of females demonstrates delayed or altered response to broad-spectrum antibiotics
Concurrently with adoptive transfer and Abx administration, we collected faecal samples on a weekly basis to analyse changes in the composition of the microbiota in response to both Abx and inflammation. Using 16S next-generation sequencing on an Illumina MiSeq platform, we measured broad relative differences in the microbiota between males and females that had been administered Abx. Bray-Curtis dissimilarity analysis visualised in an NMDS plot [ Figure 4 ] showed that for all time points, mice clearly grouped by sex at baseline [autoclaved water] as well as after Abx treatment, and that females showed much more significant variability within the Abx-treated groups. Permutational multivariate analysis of variance using distance matrices [ADONIS; 999 permutations] showed that both sex and Abx were significant determinants of beta diversity [both p < 0.001]. Males and females respond to differently to antibiotics and inflammation. Male and female Rag2 -/-mice were placed on metronidazole and ciprofloxacin [Abx] in drinking water, or alternatively maintained on autoclaved water. They were subsequently injected with naïve CD45 + CD45RB hi T cells and maintained for either 2 or 9 weeks in separate cohorts. Histological inflammation scores were assessed for proximal and distal colon separately and added to the result as total colonic score.
[A] Summary from the 2-week and 9-week studies, showing changes to the colonic inflammation over time. Two-way ANOVA with a Tukey's multiple comparisons test was used for analysis. [B-C] Caecum weight was calculated as a percentage of total body weight to avoid gross differences in size between the sexes. One-way ANOVA with Tukey's multiple comparisons test was used for analysis: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 for post hoc tests.
Unweighted beta diversity confirmed that whereas males had a universal and consistent response to the administration of antibiotics, the response of females was variable and in some cases negligible at 2 weeks [ Figure 5A ]. Consistent with this observation, in the 9-week experiment, females showed a delayed response to Abx [ Figure 5B ]. Over time, two of the six females remained very distinct from males, whereas the remaining four became more similar to males, although two of the latter significantly changed betweeen Week 8s and 9 of the Abx treatment [ Figure 5B ]. Overall, beta diversity analysis indicated a delayed and inconsistent response to Abx in females.
Alpha diversity analysis confirmed that male mice consistently and expectedly responded to Abx treatment with decreased microbial richness, but females responded in a much less consistent manner [ Figure 6A , B]. Taxonomic analysis at the family level indicated that at baseline, males and females had differences in the composition of their microbiota [ Figure 7A ]. Males had a higher abundance of Peptostreptococcaceae and Erysipelotrichaceae, whereas females appeared to lack Peptostreptococcaceae almost entirely through the whole experiment [ Figure 7A ]. Females at baseline had a slightly higher abundance of Lachnospiraceae and one of the predominant families observed in this experiment, Porphyromonadaceae [ Figure 7A ]. Broad-spectrum antibiotics diminished Porphyromonadaceae within the first few weeks in both sexes [ Figure 7B ]. Abx reduced the relative abundance of Lachnospiraceae in males, but this family remained relatively unaffected in females [ Figure 7B ]. These changes in relative abundances correspond with the dynamic changes in the relative abundance of Lactobacillaceae. Abx treatment allowed a near dominance of this family in the gut microbiota of males, whereas the expansion of Lactobacillaceae in females was not only delayed but was less pronounced [ Figure 7B and C]. The expansion of Lactobacillaceae following antibiotic administration has been reported before, although not in a sex-specific manner. 42 Strikingly, Enterococcaceae remained absent in males and females at baseline, and absent in males on antibiotics, but expanded rapidly in females within the first 2 weeks following antibiotic administration and remained abundant throughout the entirety of the antibiotic course [ Figure 7B and D]. Enterococcaceae have been reported as elevated in injury-induced colitis. 43 Moreover, species from the Enterococcaceae family have previously emerged as causes of hospital-acquired multidrug resistant infections, and contain mobile elements that make them suitable candidates for antibiotic resistance. 44 Indeed, they have been reported as overabundant in ulcerative colitis [UC] patients following antibiotics, 45 although their causative ability to induce colitis remains unclear. 42 To our knowledge, sex disparity in the abundance of Enterococcaceae has not been reported.
To identify potential functional differences between males and females that had been treated with antibiotics, we used Phylogenetic Investigation of Communities by Reconstruction of Unobserved States [PICRUSt] . This bioinformatic tool predicts differences in the functional outcomes of bacterial communities based on phylogenetic sequence data and the Kyoto Encylopedia of Genes and Genomes [KEGG] database. The algorithm predicted significant differences in metabolite processing and synthesis between the sexes following 9 weeks of antibiotic exposure, including fatty acid synthesis [ Figure 8 ]. Although these data are predictive, they suggest that longterm exposure to broad-spectrum antibiotics may directly affect gut function and metabolism differently between males and females.
Discussion
It has long been observed that females are at a higher risk for autoimmune conditions, [46] [47] [48] although the underlying pathology has been somewhat unclear. Recently, more work has been done to investigate baseline immunological differences between males and females. We now know that sex impacts on both innate and adaptive immunity, at both chromosomal and hormonal levels. 49 The X-linked toll-likereceptor 7 [TLR7] gene, for instance, enables a stronger interferon-α [IFNα] response in females following TLR7 activation. 50, 51 Female macrophages and neutrophils also display greater phagocytic activity than those of males, 52 and have more efficient antigen presentation. 53 Moreover, CD4/CD8 T cell ratios differ by sex, with females displaying a greater CD4/CD8 ratio than males, and males having a higher abundance of CD8 + T cells. [54] [55] [56] In general, there is a bias toward autoimmunity among females, but a bias toward a number of infectious conditions and non-reproductive malignancies among males, presumably branching from differences in immunity between the sexes. 49 These and numerous other sex-based differences in immunity have recently been thoroughly reviewed. 49 Despite a growing body of work in this area, many immunological studies lag behind in including sex as one of the parameters that are measured in the course of disease.
It follows that divergence in the immune response of males and females would also extend to the host-microbe relationship, and indeed recent data in the field indicate just that. The microbiota is relatively similar early on between males and females, 57 but diverges after puberty, apparently driven by the production of androgens in males. 58 The microbiota of males was protective in the development of an animal model of autoimmune diabetes. 58, 59 Even transfer of male microbiota to immature females could alter testosterone levels and protect against the onset of autoimmunity, 59 suggesting a key role of the microbiota in mediating sex-based differences in immunity.
Our work in this report addressed the impact of sex on the microbiota and the development of colonic inflammation following shortand long-term antibiotic administration in a model of experimental colitis. Antibiotic exposure has increasingly been associated with subsequent development of chronic conditions, including IBD. 19, [21] [22] [23] [24] Metronidazole and ciprofloxacin are the most commonly used antibiotics in the clinic to induce remission of IBD. 12, 13 They are also the most associated with a subsequent diagnosis of IBD, although all antibiotics tested showed an association, with the exception of penicillin. 24 Our study highlighted baseline differences between males and females in that females had a more rapid onset of colonic inflammation in the adoptive transfer model. We also confirmed baseline differences between the microbiota of males and females. However, we report here that long-term antibiotic exposure to broad-spectrum antibiotics affected males and females differently at a compositional level, and surprisingly that the female response was inconsistent or even absent in many cases. On an individual level, females that poorly responded to antibiotics in short-and long-term study [as defined by the negligible effect on microbial richness and principal component analysis], expressed higher levels of IL-17, IL-22, and NOS2 even than inflamed females that had not been given antibiotics, indicating potential mucosal shifts driven by antibiotic administration, even if the microbiota itself did not appear to respond.
It is possible that the differing microbial compositions between males and females following antibiotic administration was a result of different starting microbiota, although the differing expansion of the same bacterial families between males and females suggests different selective pressures in the respective environments. Enterococacceae, a family including known multi-drug resistant pathogens, 44 were not measurably present in either males or females without antibiotics, but selectively expanded only in females following antibiotic administration.
The inconsistent and complete lack of measurable response to antibiotics in some females has not, to our knowledge, been reported before. Although the microbiota has been appreciated as a reservoir of antibiotic-resistance genes, 60 we are not aware that anyone has proposed this to vary by sex. It is important to note that it may be specific to this model, to metronidazole and ciprofloxacin, to mice, to the gut, or to our experimental conditions. More testing should both verify this finding and expand it to other antibiotics and model systems. However, since we observed this in a minor percentage of females [~33%], it is worth noting that this effect could potentially be missed if data were measured in mean abundance across a group, 61 or from groups that did not analyse sex as a parameter or include a sufficient number of females. 62, 63 In our study, we observed a failure to respond to antibiotics in a percentage of females in both cohorts of our study [at 2 and at 9 weeks], in each of the two cages per treatment group, and it was observed in the initial unpublished observations that brought us to further this investigation. The corresponding shrinkage of the female caecum over time and the onset of inflammation support the microbiota data.
Since our previous data implicated NHE3 as a strong determinant of colonic microbial composition and a modifier of the mucosal immune response in colitis, 40, 41, 65, 66 we tested whether its expression is sex-dependent, or differentially affected by antibiotics in male vs female mice. Interestingly, although no sex-specific differences were observed in mice without Abx between treated and untreated males, the Abx-treated had significantly higher expression of NHE3 in the colon [ Figure 3 ]. This finding suggests not only that Abx may be altering basic epithelial transport processes in the gut in a sex-specific manner, but that elevated expression of NHE3 in Abx-treated females may at least to some extent be responsible for diminished sensitivity to Abx. On the other hand, it cannot explain exacerbated mucosal immune response in this experimental group, since NHE3 is protective in experimental colitis. The contribution of epithelial Na + /H + exchange to sexdependent effects of Abx in the context of colitis would need to be independently investigated.
An insightful study by Dethlefsen and Relman on repeated dosing of ciprofloxacin followed three human subjects, and showed that one of the three subjects responded less dramatically and less consistently to ciprofloxacin on both administrations, although it is not clear whether this person is male or female. 62 Another study assessed the microbiota of human patients following antibiotic administration. In this study, multiple kinds of antibiotics had been used from a hospital-recruited patient cohort, and a weighted compositional analysis indeed showed that a small minority had a composition following antibiotic administration similar to the pre-antibiotic group. 63 However, this study does not mention sex, and it is unclear again whether these unresponsive patients are male or female. In several reviews on the topic, sex is not mentioned at all. 66, 67 It is possible that female antibiotic resistance has simply been a missed phenomenon. For this reason, further controlled studies are called for. Investigating whether antibiotic resistance in females is related to estrus cycle was outside the scope of this study but would be a valuable and necessary step in the continuation of this question. 
